When the oxygen supply to tissues is impaired progressivly, as in continuous reduction of the oxygen content of alveolar air, oxygen tensions in various other parts of the gas transport system proceed to fall progressively also. At some stage in the course of this unbroken continuum a state of "hypoxia" presumably may be said to exist. It is, in any event, a useful concept to suppose that it does, inasmuch as symptoms and dysfunction of organs may appear in the course of diseases of the oxygen transport systems which might be accounted for by hypoxia.
If hypoxia is induced by all diminutions of alveolar Po2, then this condition may exist with arterial blood saturations reduced by an unmeasurable amount and arterial oxygen contents which are normal or above normal. It seems unprofitable to apply the term in this way because there is no reason to believe that the body suffers in any sense from deprivation of needed oxygen in this situation. It is also true that hypoxia is not necessarily present even at the stage of this continuum in which arterial oxygen content has become significantly decreased (i.e., hypoxemia), since an increase in blood flow may act to prevent any real diminution in Po2 in the tissues or venous blood. Finally, even if the term hypoxia be reserved for situations in which tissue Po2 falls, the implication that the tissues are deprived of oxygen under these circumstances is not consistent with the fact that the rate of oxygen consumption may remain unchanged, i.e., the amount of oxygen delivered to and taken up by the tissues per minute is normal.
In the previous papers of this series (1, 2) it has been proposed that the occurrence of anaerobic metabolism in tissues indicates that the rate of supply of oxygen to the interior of tissue cells has fallen below the rate of energy utilization, i.e., has ' Aided in part by a grant from the American Heart Association.
fallen below the rate of oxygen requirement. It seemed possible that if this discrepancy between rates of supply and demand in tissues were taken as the proper indication of physiologic hypoxia, a distinct starting point of hypoxia could be identified in the course of progressive pulmonary or circulatory impairment. In the present study, experimental subjects and animals were given various low oxygen gas mixtures to breathe while anaerobic metabolism, as previously defined (1) , was estimated at various blood oxygen tensions.
METHODS
The human subjects were fasting and lay quietly for one to two hour control periods after insertion of a brachial arterial needle. During control determinations of oxygen consumption with air breathing, and during 15 to 30 minute periods breathing prepared gas mixtures, the subjects respired through a rubber mouthpiece and low resistance valve, inhaling from a spirometer or tank demand valve and exhaling into a Douglas bag. All gas mixtures were prepared in pressure tanks and analyzed to determine their exact composition. Oxygen consumption (pulmonary oxygen absorption, V02), pulmonary ventilation, and arterial blood pH, lactate, pyruvate and oxygen determinations were carried out as previously described (2) . Experimental animals were dogs lightly anesthetized with chloralose; the same determinations were carried out as in the human subjects, and, in addition, 02-debts were calculated from the curves of continuously measured oxygen consumption.
Gas (2) correlation has been found. Figure 3 illustrates the method used for measuring 02-debt during respiratory hypoxia. The heavy line shows the actual curve of continuously measured oxygen uptake, during an experiment with 10 per cent 02 breathing and no 02-debt, and illustrates the desaturation period at the onset of low oxygen breathing (ABC) when an apparent reduction of oxygen utilization occurs until the blood and body fluids reach a new oxygen tension. This dip in the curve is the mirror image of that which occurs on the return to air breathing (DEF). For the calculation of O2-debt, therefore, the area ABC is subtracted from such an area as DGH, when it is present, and the true O2-debt is indicated by the upper portion. Figure 4 illustrates results obtained in an anesthetized intact dog with spontaneous respiratory control during the breathing of 8 per cent 02 The respiratory O2-debt curve is included in this figure and shows the marked divergence between blood lactate changes and 02-debt, but a close correspondence between XL and the respiratory measurement. prevent a fall in oxygen supply below the critical needs of the tissues, while in others they were unable to compensate, and the tissues had to resort to anaerobic metabolism and contraction of 02-debt. It may be inferred that the "efficiency" of the individual oxygen transport system became critical to the peripheral body tissues at arterial oxygen saturations between 60 and 74 per cent or Po2 of 26 to 32 mm. of mercury; this inferrence has been confirmed in studies of patients with cardiovascular or pulmonary disease which will be reported separately.
Previous investigations of respiratory hypoxia are difficult to compare with the present study for several technological reasons which have been discussed previously (1): a) pyruvate and lactate in arm venous blood may change very little, or fail to change altogether, during stimuli which lead to considerable alterations in concentrations in mixed venous and arterial blood; b) delay in collection and denaturation of blood samples may produce in vitro errors of such magnitude as to mask small in vivo changes; c) older methods of analysis appear to give systematically different and more variable results; and d) failure to start from absolutely basal levels seriously obscures fairly large changes and may even give changes in an opposite direction.
Jervell (3) found normal lactate values during the breathing of low oxygen gases of more than 7.5 per cent; below this an increase was detected with his methods. Marked increases, however, had been reported (4) at high altitudes.
Resting blood lactates appear to have been about normal at rest at an altitude of 14,000 feet (equivalent to about 12 per cent oxygen) in studies by Dill and co-workers (5), but rose excessively on exercise; pulmonary ventilation also rose excessively, however, and this phenomenon may itself account for relatively large rises of lactate (1).
Myerson, Loman, Edwards, and Dill (6) found a slight and variable increase in arterial blood lactate during the breathing of 9 per cent oxygen for 10 minutes, but the magnitude of increase was unrelated to degree of anoxemia, and oxygen supply was concluded to be unaffected in the experiments. An insignificant rise in venous blood lactate during 9 per cent oxygen breathing has also been found (7). Edwards (8) noted a slight increase during rapid ascent to 9,000 feet (14.6 per cent oxygen), but normal values after reaching 20,000 feet (9 per cent oxygen), when arterial oxygen was much lower. Friedemann, Haugen, and Kmieciak (9), studying one subject, observed some increase in both lactate and pyruvate of venous blood at all altitudes (10,000 to 22,000 feet, 14 to 8 per cent oxygen) while the lactatepyruvate ratio either showed no significant change, or else rose or fell slightly. Bay and co-workers (10) found no difference between sea level and 10,000 or 15,000 feet (14 per cent and 11 per cent oxygen) in resting blood lactate, pyruvate or the ratio. Both lactate and pyruvate rose more with exercise during respiratory "hypoxia," but the changes in lactate-pyruvate ratio were unrelated to the presence of hypoxia. Other workers (11) have likewise found that lactate-pyruvate ratio bears no relation to hypoxia during exercise, although a systematic increase in absolute lactate response occurs with increasing anoxemia. Presumably this may be attributable to the increasing degree of hyperventilation which occurs with exercise at low oxygen tensions (5, 12) . Herber (13) Tissue carbon dioxide was reduced rather than increased, and all the organs, rather than primarily the muscles, were affected. The common denominator was a relative oxygen lack. As before, total lactate failed to be related to 02-debt. It seems likely that there is no necessary relationship at all between tissue lactate production per se and oxygen deficiency or anaerobic metabolism, whether in exercise, glucose infusion or respiratory hypoxia. When a more complete view of the status of all the components of the lactic dehydrogenase system is *taken, however, as has been attempted in the calculation of "excess lactate," a satisfactory qualitative and quantitative reconciliation is achieved between the independent estimate of respiratory O2-debt and tissue metabolic processes estimated in body fluids. The body fluids in question here require some comment, inasmuch as the measurements of relative pyruvate and lactate increments are carried out on blood. It should be emphasized that the blood draining all body tissues, mixed in the central circulation, and sampled as it leaves the heart, provides determinations which we regard as representing the conceptual mean of the entire body at a particular moment prior to the sampling. Such a concept does not require that the body be a homogeneous medium. At the same time, of course, such a sample provides no information about events in any functional subdivisions which may be present, but only the net results of all these events. Studies of many individual organs during respiratory hypoxia, for instance, clearly indicate that certain sites may predominate in XL production at a given time and others, notably skeletal muscle, may at the same time be active in removing XL from the blood; and the location of these respective sites may change from moment to moment. This variation in different organs involves new aspects of the subject that will be presented at a later time, but the time-scale of these shifts has not been found to be rapid, being of the order of five or more complete circulation times, so that the concept of the integrated blood drainage of the "mean body" is not impaired in the results presented in this and the preceding papers.
The further question of local blood-tissue concentration equilibrium is discussed elsewhere (1, 2).
It will be recognized that estimates of respiratory 02-debt by the present method probably are somewhat more variable than in exercise (2) because of the necessity of measuring the "desaturation area" of the Vo2 curve illustrated in Figure 3 . This diminution in pulmonary oxygen absorption occurs during the initial fall in blood oxygen and disappears as the blood oxygen content levels off at a new value after about 10 minutes, and is presumably due to the supply of oxygen coming from this desaturation of blood and body fluids since its magnitude is related to Fio2. Reduction of myoglobin, cytochrome oxidase, cytochromes and flavoproteins might also conceivably have taken part in this process if Po2 in some tissue cells fell to extremely low levels, although these substances are unaffected by oxygen tensions of the order of those in the blood (15, 16) . The absence of any detectable notch in the XL curve suggests that DPN did not take part in the "desaturation," and presumably the DPN-coupled metabolic systems were unaffected. The question arises, however, whether a reduction in the high energy phosphate pool accompanied the desaturation phase (17) .
In that event an actual decrease in metabolic oxygen consumption would have occurred, so that part of the "desaturation area" would be actual 02-debt and should not have been subtracted from the excess oxygen uptake of recovery. An approximate computation of the change in oxygen pool size can be made, however, from a) the known change in arterial and mixed venous blood Po2 and the total circulating hemoglobin mass (assuming 70 per cent of the blood to be venous), plus small additional portions from b) change in alveolar Po2, c) the change in plasma Po2, assuming this change to be uniform in extracellular fluid, and d) the desaturation of the intracellular fluid, assumed to 1. Blood total lactate concentration bears no relationship to severity of respiratory hypoxia, but calculated "excess lactate" corresponds closely to the magnitude of the 02-debt developed in this as in other types of hypoxia.
2. Progressive reduction of oxygen content of inspired air in human subjects and anesthetized animals leads to gradual alteration in blood oxygen, pH, lactate and pyruvate; but excess lactate is absent until Fio2 is reduced to a critical value of about half (arterial blood oxygen saturation reduced to 60 to 74 per cent, Po2 to 26 to 32 mm. Hg) and thereafter is produced in increasing amounts as oxygen supply diminishes.
3. It is suggested that a wide range of hypoxemia, including the range of visible cyanosis in many subjects, is not associated with hypoxia or deficiency of oxygen in body tissues, and that caution should be exercised in ascribing symptoms or signs to this particular aspect of pulmonary or circulatory disease.
